Abstract Attention deficit hyperactivity disorder (ADHD) is a common childhood neuropsychiatric disorder that has been linked to the dopaminergic system. This study aimed to investigate the effects of regulation of the dopamine D4 receptor (DRD4) on functional brain activity during the resting state in ADHD children using the methods of regional homogeneity (ReHo) and functional connectivity (FC). Resting-state functional magnetic resonance imaging data were analyzed in 49 children with ADHD. All participants were classified as either carriers of the DRD4 4-repeat/4-repeat (4R/4R) allele (n = 30) or the DRD4 2-repeat (2R) allele (n = 19). The results showed that participants with the DRD4 2R allele had decreased ReHo bilaterally in the posterior lobes of the cerebellum, while ReHo was increased in the left angular gyrus. Compared with participants carrying the DRD4 4R/4R allele, those with the DRD4 2R allele showed decreased FC to the left angular gyrus in the left striatum, right inferior frontal gyrus, and bilateral lobes of the cerebellum. The increased FC regions included the left superior frontal gyrus, medial frontal gyrus, and rectus gyrus. These data suggest that the DRD4 polymorphisms are associated with localized brain activity and specific functional connections, including abnormality in the frontal-striatal-cerebellar loop. Our study not only enhances the understanding of the correlation between the cerebellar lobes and ADHD, but also provides an imaging basis for explaining the neural mechanisms underlying ADHD in children.
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Introduction
Attention deficit hyperactivity disorder (ADHD) is one of the most common childhood mental and behavioral disorders, affecting emotions, communication, and cognitive functions in children. The main clinical symptoms include inattention, hyperactivity, and impulsiveness. With a global prevalence of 5.3% [1] , ADHD significantly affects the academic performance, and the families and communities of these children.
With the development of molecular genetics for diagnosis and treatment [2] , ADHD is now considered to be a polygenic hereditary disease, and is correlated with abnormal dopamine transmission systems. Currently, conventional drugs for ADHD, such as methylphenidate hydrochloride (MPH), directly or indirectly increase the dopamine concentration in central synapses and improve Andan Qian and Xin Wang have contributed equally to this work & Ke Zhao cocozk1986@163.com ADHD symptoms. In this system, the dopamine D4 receptor (DRD4) gene is a leading candidate gene associated with ADHD, located near the telomere of chromosome 11p15.5 [3] . Most of the diversity is in a variable number of 48-bp (base pair) tandem repeats (VNTRs) on exon III [4] . The variant alleles range from 2-repeats to 11-repeats [5] . The 4-(4R), 7-(7R), and 2-repeat (2R) alleles are common, with global mean frequencies of approximately 67%, 12%, and 10%, respectively [6] . Meta-analyses have revealed that individuals with the 7R allele have an increased risk for ADHD (OR = 1.1-1.4) [7, 8] . The 7R carriers are considered to be at risk for problematic social behaviors, such as alcoholism, financial risk-taking, ADHD, and infidelity [9] . However, the majority of correlation studies have been carried out in non-Asian populations. Compared to American populations, the mean allele frequency of the 7R allele is generally lower in Asian populations [10] , while the 2R allele frequency is higher [11] . Research on a small sample of Chinese participants indicates that those carrying the 2R allele have an increased risk of developing ADHD [12, 13] . Moreover, 2R allele carriers perform worse than 7R allele carriers in attention tests [14] . Based on the evolutionary and biochemical similarities between the 2R and 7R alleles [15] , it has been recommended that carriers of these two alleles be combined in studies of Asian populations [16] . Previously, research was designed to investigate the effect of DRD4 gene polymorphism on brain structure and function using imaging genetics. In a large longitudinal study, Shaw et al. found differences in cortical thickness in the orbital frontal, medial prefrontal, and parietal cortex in 7R carriers and non-7R carriers among children with ADHD [17] . DRD4 polymorphism also results in different images in task-state functional magnetic resonance imaging (fMRI) studies [18] . Compared to individuals with the 4R/4R allele, those carrying the 2R or 7R allele perform worse in the GO/NO-GO task [19] . Furthermore, the 7R allele influences regional brain activation and the connectivity patterns between neural networks for incompatibility and temporal processing [18] .
Regional homogeneity (ReHo) and seed-based functional connectivity (FC) analysis are common analytical methods in resting-state fMRI [20] . The basis of ReHo is the similarity of the time series of different voxels in the functional mass. The Kendall's coefficient concordance (KCC) value, also known as the ReHo value, is used to measure the similarity or synchronization between the time series of a given voxel and its nearest neighbors [21] . Based on the fact that there are temporal similarities in neurophysiological measurement indexes in different remote brain areas, FC in brain function studies is often used as a measure for the synchronization of functional activity in non-adjacent brain regions [22, 23] . In this study, seed-based FC analysis was used to evaluate the functional connection pattern.
Currently, studies on resting-state fMRI related to DRD4 polymorphisms are rare. The aim of this study was to explore the effects of DRD4 polymorphisms on brain function in Chinese Han children with ADHD during the resting-state by means of local brain activity and specific FC, which might provide an imaging basis for further research on the pathogenesis of ADHD.
Materials and Methods

Participants
Participants were recruited and studied between December 2012 and September 2014 at the Psychiatry Outpatient Unit for ADHD, First Affiliated Hospital of Wenzhou Medical University. A diagnosis of ADHD was determined by three experienced clinical psychiatrists using the criteria in the Diagnostic and Statistical Manual of Mental Disorders, 4th Revision. The Kiddie Schedule for Affective Disorders and Schizophrenia for School-Age Children -Present and Lifetime Versions was used to exclude conduct disorder and oppositional defiant disorder, or any other axis I comorbid psychiatric disorders [24] . Children who had prior treatment with MPH or atomoxetine were excluded. Other exclusion criteria included substance abuse history or a positive urine screen, participation in a treatment study in the past 30 days, a history of head injury with loss of consciousness, a past or present diagnosis of a psychotic disorder, neurological or cardiovascular disease, full-scale IQ below 75 as measured by the Wechsler Abbreviated Scale of Intelligence, or any other condition that could affect brain function. Then, 56 Chinese Han children with ADHD, aged 7 to 15 years, were recruited. The study was approved by the Institutional Review Board of the First Affiliated Hospital of Wenzhou Medical University. Written informed consent was given by parents and children who were asked to complete the Conners' Parent Rating Scale and the Stroop Color Word Test.
Genotyping
All participants were genotyped for DRD4 48-bp VNTR polymorphisms.
DNA was extracted from 10 mL of peripheral venous blood followed by cell lysis and heme/protein precipitation. Genotyping was performed in the following manner. The polymerase chain reaction (PCR) was carried out in a 25 lL volume containing 1 lL of template DNA, 1 lL of each primer 5 0 -GCG ACT ACG TGG TCT ACT CG-3 0 and 5 0 -AGG ACC CTC ATG GCC TTG-3 0 , 9. 
Image Acquisition
Participants were scanned on a GE Signa HDx 3.0 Tesla MR scanner (GE Healthcare, USA), using a standard 8-channel head coil at the Department of Radiology of the First Affiliated Hospital of Wenzhou Medical University. Participants were asked to fit sponge earplugs in their ears to reduce scanner noise and were given foam pads to minimize head motion. Participants were instructed to relax, remain motionless, keep their eyes closed, stay awake, and not think of anything in particular. Scan sessions began with shimming and localization. First, axial T2-weighted images were acquired; these were used to exclude structural lesions. Resting-state functional images depicting the blood oxygenation level-dependent (BOLD) signal were acquired using an echo-planar imaging sequence (EPI) (repetition time = 2000 ms, echo time = 30 ms, flip angle = 90°, field of view = 192 mm, matrix = 64 9 64, 31 slices, slice thickness = 4 mm, gap = 0.2 mm, and 240 volumes). Children were accompanied by a guardian to ensure their safety during the scanning process.
ReHo Data Analysis
The EPI data were preprocessed using Data Processing Assistant for resting-state fMRI on MATLAB 7.12.0 (R2011a)(https://cn.mathworks.com/products/matlab. html). The first 10 volumes of each scanning session were removed to allow for scanner calibration and participant adaptation to the scanning environment, and the remaining 230 volumes were analyzed. For each participant, EPI images were slice-time corrected and realigned. Acceptable scans had no more than 3 mm of displacement in any direction and no more than 3°of angular motion during the entire fMRI scan. Seven participants were excluded from further analysis because of excessive head movement. After realignment, all data were normalized to Montreal Neurological Institute (MNI) space and resampled to 3 mm 9 3 mm 9 3 mm voxels. The resulting fMRI data were temporally band-pass filtered (0.01 Hz-0.08 Hz) to reduce low-frequency drift and physiological high-frequency respiratory and cardiac noise for further ReHo and functional connectivity analyses.
The KCC value (also called the ReHo value) was calculated to measure the similarity of the ranked time series of a given voxel to its nearest 26 neighbor voxels in a voxel-wise manner. By calculating the KCC value of every voxel in the whole brain, an individual ReHo map was obtained for each participant. The intracranial voxels were extracted to make a mask [25] . For standardization purposes, each individual ReHo map was divided by its own mean ReHo within the mask. Then, the data were smoothed with a Gaussian kernel of 4-mm full-width at half-maximum (FWHM).
FC Data Analysis
The preprocessing of format conversion, removal of the first 10 time points, slice timing, realignment, and normalization was the same as for ReHo. The difference was that spatial smoothing with a Gaussian kernel of 4-mm FWHM occurred directly after normalization. All voxel time-series were detrended to correct for linear drift over time. Temporal filtering (0.01 Hz-0.08 Hz) was used to reduce low-frequency drift and respiratory and cardiac noise. Then, nuisance covariates, including six head motion parameters, global mean signal, white matter signal, and cerebrospinal fluid signal of the data were regressed out. The left angular gyrus was selected as the region of interest (ROI) (Fig. 1) . Finally, to perform seed-based correlation analysis, the BOLD time series of the voxels within the left angular gyrus were averaged to generate the reference time series. The resulting time course was used to perform Fig. 1 The left angular gyrus was selected as the region of interest for functional connectivity.
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Pearson linear correlation analysis with all voxels of the brain data. Mask images were acquired for the spatial masks of two groups. A Fisher z-transform was applied to normalize the correlation coefficients.
Statistics Analysis
Statistical analysis was performed using the Resting-State fMRI Data Analysis Toolkit (REST V1.8) (http://restfmri. net/forum/REST_V1.8). To investigate the ReHo differences and differences in connectivity to the left angular gyrus between children who were homozygous for the DRD4 4R allele and those for the 2R allele, two-sample ttests were executed in REST. The covariates were age, sex, IQ, and head motions. The results were corrected for multiple comparisons with the Alphasim program included in the REST V1.8, threshold at voxel-level uncorrected P\ 0.01 and cluster-level corrected P \ 0.01 (cluster size [ 378 mm 3 ) . Regions with statistically significant differences were masked on the MNI brain template.
Results
Clinical Characteristics
The participants were classified as either carriers of the DRD4 4R/4R allele (n = 30) or carriers of a 2R allele (n = 19; 16 with a 2R/4R genotype, and one each with a 2R/2R, a 2R/5R, and a 2R/3R genotype). The genotypes were in Hardy-Weinberg equilibrium. The two groups did not differ in age, sex, IQ, ADHD subtype, or handedness (P [ 0.05). However, the two groups also did not differ in the behavioral assessment scales (Table 1) .
ReHo Imaging
The results from the two-sample t-test clearly showed significant ReHo differences between the two groups (Alphasim correction, P \ 0.01). Those with the DRD4 2R allele showed lower ReHo bilaterally in the posterior lobes of the cerebellum and lingual gyrus, right occipital lobes, medial occipital temporal gyrus, and lateral occipital temporal gyrus. ReHo was higher in the left supramarginal gyrus, angular gyrus, and precentral gyrus ( Fig. 2 and Table 2 ).
FC Imaging
Compared with the DRD4 4R/4R allele, the DRD4 2R allele showed decreased FC to the left angular gyrus in the bilateral anterior lobes of the cerebellum, right inferior frontal gyrus, precuneus, and left striatum. Some regions showed increased FC to the left angular gyrus. These regions included the bilateral occipital lobes, left superior frontal gyrus, medial frontal gyrus, rectus gyrus, superior parietal lobule, and temporal lobe ( Fig. 3 and Table 3 ).
Discussion
With the development of molecular genetics, disorder of the dopamine system is considered to be a pathological mechanism underlying many mental illnesses, and is also one of the important factors in the pathogenesis of ADHD. DRD4 is a gene encoding a G-protein-coupled receptor. The distribution of DRD4 in the human brain is still controversial [26] . A study of human brain tissue using RT-PCR revealed that DRD4 has a relatively high expression level in regions of the prefrontal lobe and temporolimbic structures [27] . Our study also showed a significant change in the ReHo value and FC abnormality during the resting state in the brain regions with DRD4 overexpression. Compared with the DRD4 4R/4R allele, the DRD4 2R allele showed decreased ReHo mainly on the right side, temporal occipital lobe, and cerebellum; ReHo was higher in the left angular gyrus; and FC decreased to the left angular gyrus in the frontal-striatal-cerebellar loop.
Our results showed that, compared with carriers of the DRD4 4R/4R allele, the DRD4 2R allele carriers showed a lower ReHo in the right lateral occipital temporal gyrus, the right occipital lobe, the bilateral lingual gyrus, and the cerebellum. An fMRI study has shown that the intensity and extent of the BOLD signal in the lingual gyrus regions are closely related to neuronal myelination in those regions during brain development in children aged 7 years-13 years [28] . Since then, Pang et al. have used resting-state fMRI to study school-aged children. With increasing age, neuronal myelin in the lingual gyrus gradually matures, resulting in increasing ReHo values in those regions, and is associated with a gradual enhancement of cognitive function [29] . It can be speculated that children with DRD4 2R have delayed neuronal development relative to those with DRD4 4R/4R, consistent with the etiological hypothesis of delayed neurodevelopment of ADHD [30, 31] . The lingual gyrus is involved in visual space processing, and the lingual gyrus, superior parietal lobule, and lateral occipital temporal gyrus are associated with advanced visual function [32] . These three brain regions are closely linked to each other, forming a complex visual loop, i.e., the dorsal and ventral pathways.
Our results showed that the increased ReHo values were mainly concentrated in the left angular gyrus. Imaging studies have reflected that the angular gyrus is associated with ADHD [33, 34] . The angular gyrus is also part of the frontal-parietal lobe network and is one of the nodes of the default mode network [35] ; it serves as an intermediate station for the integration of internal and external information and highlights the convergence of different multimodal inputs into the angular gyrus and interactions with different subsystems that include memory and attention (superior parietal area) [36, 37] . Moreover, the left angular gyrus integrates spatial information from both cerebral hemispheres [38] . Our study showed that the ReHo of the left angular gyrus in carriers of the DRD4 2R allele was significantly increased, indicating that the DRD4 gene polymorphism might be involved in regulating the activity of the angular gyrus and influencing ADHD symptoms. So, we selected the left angular gyrus as the ROI for FC analysis. We found that the DRD4 gene not only regulated local brain activity, but also played an important role in functional connections. The ReHo value of the bilateral cerebellum was lower in children with the DRD4 2R genotype than in those with the DRD4 4R/4R genotype, and the decreased FC to the left angular gyrus also included the frontal-striatal-cerebellar loop, consistent with previous studies [39, 40] . Other studies have found significant functional changes in the striatum area in ADHD patients [41] [42] [43] , and abnormalities in the frontal-striatal pathway play an important role in the pathogenesis of ADHD [44, 45] . Caudate abnormalities may remain relatively unchanged throughout development and recovery [46] .
However, conventional wisdom holds that the cerebellum is involved in the regulation of balance and muscle tone as well as the coordination of voluntary movement. Recently, studies have shown that the cerebellum also receives information from association cortex related to cognitive and emotional functions [47] . A structural fMRI study found a decrease in cerebellar volume in children with ADHD and a reduction in white matter fibers in the frontal-cerebellar loop [48, 49] . It was suggested that the cerebellum is associated with a genetic risk of ADHD in a sample of boys with ADHD and the unaffected siblings of probands with ADHD [50] . Furthermore, Gilsbach et al. found that non-7R allele carriers (mainly the 4R genotype) in the implementation of executive control tasks showed a strong hemodynamic response between the cerebellum, anterior cingulate gyrus, and inferior frontal gyrus [18] . Like the cerebrum, the cerebellum has complex neural connections [51] . According to these structural and functional findings in the cerebellum, it can be speculated that the cerebellum plays a key role in the pathogenesis of ADHD.
In our study, DRD4 2R allele carriers showed significantly higher FC in the left superior frontal gyrus, medial frontal gyrus, and rectus gyrus than DRD4 4R/4R allele carriers. Similar results were obtained in a study of changes in cortical volume in adolescents [52] . Mouse experiments have revealed that synchronized network activity in the prefrontal cortex is regulated by DRD4 polymorphisms [53] , and this result has been validated in a task-state fMRI study of healthy adolescents [18] . In addition, ''cold'' executive function is mainly regulated by the dorsal prefrontal lobe and anterior cingulate cortex, and is associated with attention deficit symptoms [54] . DRD4 gene polymorphisms can alter the action of dopamine in regions with inhibitory control functions, such as the prefrontal cortex [55, 56] . Therefore, it has been suggested that DRD4 2R has an effect on executive control [57] . Our study further validates the association between DRD4 gene polymorphism and left frontal lobe activity. Meanwhile, increased FC in the left frontal lobe may be a compensatory action for a reduction in the frontal-striatal-cerebellar loop. Some authors have suggested that the carriers of different DRD4 genotypes display significant differences in hyperactivity symptoms [17] . However, the results of our study failed to reveal statistical differences between the two groups in terms of functional tasks and hyperactivityimpulsive symptoms (Table 1) ; this may have been due to the relatively small sample size. We found that, compared with carriers of the DRD4 4R/ 4R allele, DRD4 2R carriers showed increased FC to the left angular gyrus in the bilateral occipital lobes. The DRD4 gene has been shown to be able to regulate the mean BOLD signal change in a task-state fMRI study, with significant hemodynamic responses in the right inferior frontal gyrus, and the occipital and cerebellar regions [55] , consistent with the results of our study. The currently effective ADHD drug MPH improves the clinical symptoms and significantly reduces local cerebral blood flow in the visual cortex of children with ADHD [58] [59] [60] . The increased activity of the visual cortex region is also thought to be associated with attention lapses in ADHD patients [44, 61] . These results suggest that DRD4 2R allele may be associated with more obvious symptoms of inattention than the DRD4 4R/4R allele. Although there were no reliable clinical indicators in the present study, it provides an imaging basis for the hypothesis that the DRD4 gene regulates occipital lobe activity in children with ADHD.
In our study, two methods (ReHo and FC) combining local brain activity with specific brain connections were used to obtain a comprehensive analysis of the pathological and physiological basis of ADHD in the resting state. This experimental sample was based on ADHD children who had not received MPH treatment, to reduce the effects of confounding factors [40] . Because of the uniqueness of Chinese populations, we studied the effects of DRD4 2R in children with ADHD in China. However, this study has limitations that need to be addressed. First, there were no differences in the clinical scale between the two DRD4 genotype groups in this study, including the implementation of control functions and hyperactivity-impulsive symptoms. So it is necessary to expand the research sample to find an association between the clinical indexes of ADHD and imaging genetics. Second, we did not preselect patients according to ADHD subtype (inattentive, hyperactive/impulsive, or combined subtypes), which might have confounded the results. Future studies can usefully focus on these. Finally, only ADHD patients were recruited in this study, which limited further interpretation of our results; however, this feasibility study provides a practical foundation for future longitudinal research paradigms.
Conclusion
In summary, this resting-state fMRI study suggests that DRD4 gene polymorphisms are associated with localized brain activity in children with ADHD, but also participate in the regulation of specific functional connections involved in inhibitory control and executive control, including abnormality in the frontal-striatal-cerebellar loop. These findings further suggest that there is a correlation between the cerebellum and ADHD and provide an imaging basis for explaining the neural mechanisms in children with ADHD. In future, we hope to study the imaging of different DRD4 phenotypes and redefine the classification of ADHD from the perspective of imaging genetics.
